Farmers may be exposed to fungicides through both personal application and use of treated seed. Most epidemiology studies rely on personal application to assess exposure. We explored the extent of potential exposure via use of treated seed using data from a large cohort of licensed pesticide applicators from Iowa and North Carolina. Potential secondary fungicide exposure due to treated seed was calculated by crop by multiplying the average percent of seed treated by those reporting raising that crop but not applying fungicide. This potential exposure was present for every crop with treated seed (corn, soybean, wheat, cotton, potato, and peanut), and was highest for corn (71%) and soybean farmers (19%). Potential secondary fungicide exposure was more common in Iowa than in North Carolina since most Iowa farmers plant corn and soybeans and few report applying fungicides. Owing to its widespread use on corn, potential secondary captan exposure may occur among the 90% of the individuals planting corn. The relative intensity of secondary fungicide exposure associated with planting treated seed is anticipated to be lower than actively applying fungicide. Limited data suggest that exposure during planting may be approximately 4% of actively applying fungicide; while seed transfer operations may have similar levels of exposure to personal application (80-200%). Measurement data are necessary to characterize the patterns of exposure related to the use of fungicide-treated seed and to determine whether this route of exposure is an important contributor to fungicide exposure among farmers.
Introduction
Fungicides are frequently applied to seed to protect from disease. Farmers may be exposed to fungicides through both personal application and use of treated seed. For some crops, such as corn and peanuts, virtually all seed is treated, while for other crops seed treatment is less common (Houck et al., 1975; Desai et al., 1997b; McFarlane, 1980; Kommedahl and Windels, 1986; USDA, 1996 USDA, , 1997 Agarwal and Sinclair, 1997; USEPA, 1999; Koenning, , 2002 . Seeds may be treated by the seed distributor, by the farmer, or both, with the majority of seed treatment performed by the distributor. In small field studies, fungicide exposure associated with treated seed has been documented during farming activities such as planting potatoes (Stevens and Davis, 1981) and transferring wheat and barley seed between containers (Grey et al., 1983; Louhelainen et al., 1987) .
Use of treated seed is common for a number of commercially important crops while personal application of fungicides is not. In the Agricultural Health Study (AHS), a large cohort study of farmers in Iowa (IA) and North Carolina (NC), only 35% of the over 50,000 farmers reported using fungicides while over 90% reported planting a crop that could have treated seed (Alavanja et al., 1996) . Planting and handling of treated seed are generally not considered when assessing personal exposure to fungicides among farmers and thus, the number of farmers potentially exposed may be underestimated. As fungicides are applied to all seed for some major crops (e.g., corn), this may be relevant for a large percentage of farmers. To assess the potential impact of this ''secondary fungicide exposure'', defined as exposure via use of treated seed, we examined fungicide application practices and crop production activities in the AHS. Data on fungicide treatment of seeds for specific crops in IA and NC were used to identify the extent of potential fungicide exposure due to ''secondary fungicide exposure''.
Methods

Seed Treatment Practices
In order to estimate ''secondary fungicide exposure'', information was gathered on seed treatment practices with respect to crop, chemicals used, percent of crop treated, and calendar time period. Crops were included if the seed was commonly treated or it was an important agricultural commodity in IA or NC. Information on specific fungicides applied to seed for specific crops was obtained from reports from agricultural extension agents, seed distributors, and crop profiles published by the United States Department of Agriculture (USDA). The average percentage of seed treated for each crop was determined based on published data and on personal correspondence with local agricultural extension agents.
Crop Production History and Fungicide Use
Information regarding lifetime pesticide history and crop production activities was obtained from the AHS, a large cohort study of certified pesticide applicators and their spouses in IA and NC. Approximately 80% of certified pesticide applicators in these two states enrolled in the study from 1993 to 1997, and provided information regarding their pesticide use history including information on fungicides, crops raised, planting, and other farming practices via selfadministered questionnaire (Alavanja et al., 1996 ; questionnaires available at www.aghealth.org). Crops raised and pesticide application information were asked separately and thus, pesticide use on a specific crop was unavailable. This analysis used data from the enrollment questionnaire for the 52,395 private pesticide applicators, primarily farmers. Over 60% of the cohort lived in IA and planted corn and soybean. Self-reported pesticide application history is relatively reliable for pesticide applicators and has been shown to be comparable to other epidemiological factors (Blair et al., 2002; Hoppin et al., 2002) .
Impact of Secondary Fungicide Exposure on Agricultural Epidemiology Studies
Secondary fungicide exposure in the AHS was examined by determining the extent that fungicide exposure would be underestimated by defining exposure as application only. We calculated the percentage of those raising each crop who reported applying fungicides and the percentage who did not report using fungicides. Potential secondary fungicide exposure was calculated by multiplying the individuals who did not apply fungicide by the average percent seed treated for that crop. This estimate reflects those individuals who would not report fungicide application but may have secondary exposure to fungicides. Secondary fungicide exposure estimates were calculated based on three different estimates for seed treatment: the United States overall and for IA and NC, separately. Captan was used to treat virtually all corn seed for many decades (Munkvold, 2002b) . Potential secondary captan exposure was estimated by subtracting the number of farmers who planted corn and reported using captan from all farmers who planted corn.
Results
Seed Treatment Practices
Seeds are treated with fungicides, insecticides, and rodenticides. However, the majority of seed treatments are fungicides. The percentage of seed treated varies for different crops and different geographical areas (Table 1 ). In the US, all corn and peanut seed is treated with a fungicide (Houck et al., 1975; Desai et al., 1997b; Kommedahl and Windels, 1986; Spears, 2002) . Wheat, cotton, and potato seed treatment is also quite extensive with an average of 58%, 76%, and 80% of seed treated in the US, respectively (Table 1) . Wheat seed treatment varies a great deal by geographic area and in NC only 15% of wheat is reported to be treated (Spears, 2002) . Soybean seed treatment is less prevalent. Soybean seeds lose their viability for planting after 1 year and cannot be sold for use in food products once they have been treated (Agarwal and Sinclair, 1997) . Thus, a greater quantity of the seed is treated just prior to planting by the grower (Agarwal and Sinclair, 1997) . Some sources, both current and historic, indicate that soybean seed is rarely treated (Houck et al., 1975; Desai et al., 1997b; Agarwal and Sinclair, 1997) . Other sources report a range of soybean seed treatment in the US between 10% and 48% with an average of 28% (McFarlane, 1980; Wall, 1983; Bateman et al., 1986; USDA, 1996 USDA, , 1997 . In NC and IA, approximately 20% of soybean seeds are treated. All cottonseed in NC is treated (Spears, 2002) .
Fungicides may be applied to seed by the seed distributor or on the farm. If seed was treated by the farmer, active application of the particular fungicide would be reported as personal application on a questionnaire such as the AHS. If the seed distributor treated the seed, potential exposure might be missed in an analysis based on personal application. Therefore, the location of seed treatment (commercial or on the farm) was of particular interest. Historically, on farm treatment of seed was common. Recently, there has been a trend in commercial seed treatment replacing on farm seed treatment. Seed treatment of corn, cotton, peanuts, and wheat is usually performed by the seed distributor (Munkvold, 2002b; Spears, 2002) . Soybean seed treatment may occur both on the farm and at the distributor and is therefore more difficult to predict. In 1980, approximately 50% of the total soybean seed in the US was treated with fungicide, with 24% of seed treatment occurring commercially and 76% on the farm (McFarlane, 1980) . Potatoes are treated both by the farmer and commercially . They are generally purchased as an entire potato, cut into tubers (seed pieces), and treated with a fungicide on the farm (Stivers, 1999; USDA, 2001 ). However, they are also treated at harvest and before leaving the seed distributor (Morgan and Gianessi, 1999; . Information on specific fungicides commonly used as seed treatments for different crops are available in the Appendix.
Impact of Secondary Fungicide Exposure on Agricultural Epidemiology Studies
Secondary fungicide exposure was possible for a large percentage of the farmers (Table 2) . Farmers in NC reported personal fungicide application more than farmers in IA (59% vs. 18%). Thus, potential secondary fungicide exposure was lower in NC than IA for crops grown in both states. The potential for secondary fungicide exposure was highest for farmers raising corn and soybean due to the large number of individuals raising these crops who did not report applying fungicides. Raising corn was associated with the greatest potential for secondary fungicide exposure with 82% of the IA corn farmers and 35% of the NC corn farmers not reporting fungicide application. While the percentage of soybeans reported to be pretreated with fungicide is lower than for other crops, the number of potentially exposed individuals is high due to the importance of this agricultural commodity. Potential secondary exposure for soybean farmers based on average US seed treatment estimates was 19% and may range up to 50% or more.
The number of individuals with potential secondary fungicide exposure raising wheat, cotton, potatoes, or peanuts was lower than for those raising corn and soybean. However, the probability of secondary fungicide exposure was greater than for soybean farmers due to the high percentage of the seed pretreated with fungicides. More than 10% of cotton, potato, and peanut farmers were likely to have potential secondary fungicide exposure.
Almost all corn between 1960 and 1995 was treated with captan or a combination of captan and metalaxyl (Munkvold, 2002b) . Therefore, it can be assumed that all individuals planting corn were potentially exposed to captan during this timeframe. A total of 74% of the AHS cohort reported planting corn. Of the individuals who planted corn, 10% reported actively applying captan, including via seed treatment. Thus, as many as 90% of corn farmers may have secondary exposure to captan via use of treated corn.
Discussion
Total fungicide exposure may be underestimated when based on self-reported fungicide application because farmers may also be exposed when handling treated seed. While the components necessary to estimate secondary fungicide exposure can be identified and reported by participants, little information is available to quantify this exposure. It is anticipated that this exposure is small relative to personal application.
To illustrate the potential contribution of secondary fungicide exposure, the relative intensity of exposure to captan during planting was estimated by dividing the exposure received during planting by the exposure received during active seed treatment. Only one study examined exposure to captan while planting. In this study, dermal and respiratory exposure were measured while (1) filling hoppers of potato tuber dusting machines with captan, (2) cutting and sorting potatoes in the vicinity of the dusters, (3) driving tractor (enclosed cab) to plant potatoes, and (4) observing planting on back of tractor to ensure proper operation (Stevens and Davis, 1981) . The mean exposure while filling hoppers of seed dusting machines was compared to mean exposure during planting (exposure while driving tractor to plant potatoes including both enclosed cab and observer). Total exposure associated with planting was approximately 4% of exposure during filling hoppers with captan. This estimate suggests that the fungicide exposure associated with 1 h of planting would be equal to 0.04 h of actively filling dusters. Few data are available in the open literature to assess the fungicide exposure potential related to treated seed. The Stevens and Davis study focused on the planting of potatoes that are planted as pieces or seed tubers, while corn, wheat, soybean, peanut, and cotton are planted as seeds (Hide, 1986; Desai et al., 1997a) . Differences in processing could change the intensity of exposure and a study on exposure while planting potatoes may not be applicable to the planting of seeds.
Measurable exposure to fungicides has been reported when bagging treated seed and transferring seed between containers (Grey et al., 1983; Louhelainen et al., 1987) . Dermal and respiratory exposure to carboxin and thiram were measured at eight different seed treatment facilities during the processing of wheat and barley seed (Grey et al., 1983) . No biological measures of exposure were collected. At one site, exposure was measured during bagging. The mean exposure of the other seven sites was compared to the exposure during bagging. Dermal exposure to thiram during bagging was twice (207%) the mean exposure at other sites and 78% for carboxin. If exposure transferring seed from containers in a treatment facility is comparable to transfer activities on the farm, then these data suggest that significant dermal exposure to fungicides may occur when a farmer transfers seed between containers such as to a planter or hopper for planting.
These relative intensities calculated were based on limited data and should be regarded as preliminary. However, they do provide an initial estimate of exposure potential. The relative intensity while planting potatoes was very low and indicated that secondary fungicide exposure's contribution to overall exposure may be negligible. However, planting or contact with seed is more common on farms than active application of fungicides. Even if the intensity of secondary fungicide exposure is small, it may have a large impact because of the large percentage of farmers potentially exposed. At least a portion of secondary fungicide exposure may be comparable to active application of fungicide as indicated by the relative intensity received when transferring seed between containers.
Owing to the uncertainty associated with the intensity and route of exposure, we could not calculate more precise estimates of exposure. In order to be able to predict exposure intensity or dose received reliably, research needs to be conducted analyzing the intensity of exposure associated with planting a seed crop, including analysis of transferring seed between containers. Biological monitoring of farmers when using treated seed would be one way to assess whether and to what extent exposure was occurring.
Epidemiology studies examining agricultural fungicide exposure should consider the role that seed treatment plays when designing a questionnaire. Questionnaires should consider the components necessary to estimate exposure potential, such as the use of treated seed, crop raised, state, and calendar year. Questionnaires would also benefit by clearly defining whether or not the fungicide was actively applied by the farmer or if the farmer was exposed to commercially treated seed so that the intensity of exposure can be defined and misclassification avoided.
This analysis suggested that potential secondary fungicide exposure due to the handling of treated seed is common among farmers. Limited measurement data are available to determine the intensity of exposure. Analysis of available literature suggested that fungicide exposure to treated seed while planting was approximately 4% of personal application of fungicide and that seed transfer operations may have a similar intensity (80-200%) to personal application. Given the common practice of planting fungicide-treated seed, further data are necessary to evaluate whether this potential exposure is an important contributor to a farmer's fungicide dose.
